Abstract: Vegetation phenology is considered a sensitive indicator of terrestrial ecosystem response to global climate change. We used a satellite-derived normalized difference vegetation index to investigate the spatiotemporal changes in the green-up date over the Three-Rivers Headwater Region (TRHR) from 1999 to 2013 and characterized their driving forces using climatic data sets. A significant advancement trend was observed throughout the entire study area from 1999 to 2013 with a linear tendency of 6.3 days/decade (p < 0.01); the largest advancement trend was over the Yellow River source region (8.6 days/decade, p < 0.01). Spatially, the green-up date increased from the southeast to the northwest, and the green-up date of 87.4% of pixels fell between the 130th and 150th Julian day. Additionally, about 91.5% of the study area experienced advancement in the green-up date, of which 80.2%, mainly distributed in areas of vegetation coverage increase, experienced a significant advance. Moreover, it was found that the green-up date and its trend were significantly correlated with altitude. Statistical analyses showed that a 1-°C increase in spring temperature would induce an advancement in the green-up date of 4.2 days. We suggest that the advancement of the green-up date in the TRHR might be attributable principally to warmer and wetter springs. 
Introduction
Phenology refers to the timing of recurring biological events driven by biotic and abiotic forces [1] , which is considered a sensitive indicator of global climate change [2, 3] . Conversely, phenology can also regulate climate change through the exchange of terrestrial energy, water and carbon with the atmosphere [4, 5] . Phenological records have been used regularly to explore and report the effect of global warming [6] [7] [8] . For example, some of the clearest indicators of the biotic response to climate change are the interannual changes in vegetation phenology, especially the advance in the beginning of flowering [9, 10] . However, changes in phenological processes can have a number of consequential effects, e.g., on biodiversity, agriculture and the economy [10, 11] . Therefore, the detection of phenological shift has become an increasingly important topic for research into terrestrial ecosystem and global environmental change [12] .
Climate change has demonstrated significant effects on the function and integrity of ecosystems from global to local scales [10, 13] . Numerous analyses have documented a significant shift in both the green-up date and growth season length in the northern mid-and higher latitude regions [9, [14] [15] [16] . However, the magnitude and trend of phenological change varies with biomes, location and investigation periods [10, 17] . For instance, the average spring advancement across the Northern Hemisphere has been reported as 5.2 days during 1982-1999 and 0.2 days during 2000-2008 [18] , whereas the vegetation green-up date has advanced by 6.4 and 7.7 days in Eurasia and North America between 1981 and 1999, respectively [16] . Similarly, the sensitivity of the green-up date to climate change is also exhibited geographically. For example, a 4.1-day advancement was observed on the Tibetan Plateau associated with a 1-°C increase in early spring (March to early May) [19] , while that observed for temperate vegetation in China was 7.5 days/°C [20] . In summary, these findings suggested that improved understanding of the spatiotemporal changes across different scales, locations and investigation periods has significant importance with regard to the accuracy of the evaluation of vegetation productivity and the carbon cycle under an environment of rapid climate change.
The Tibetan Plateau (TP), which is known as the Earth's third pole, has experienced a significant warming trend in past decades [21] , and it is regarded as an area most sensitive to climate change [22] . Numerous studies regarding the timing of the green-up date in the TP have been performed using different methods and data sets [19, 21, [23] [24] [25] [26] , from which two different conclusions have been drawn. Some scholars believe that the green-up date has presented a significant advance during 1982-2011 [21] , whereas others consider there to have been no continuous advance in the green-up date of the TP [19, [23] [24] [25] [26] . Furthermore, an opposing trend between the southwestern and the other areas of the TP has been detected by Piao et al. [19] and Shen et al. [26] , which could possibly be attributed to the non-significant variation of green-up date of the TP. Together, these studies investigated the timing of the green-up date based on the entire TP. It is worth noting that the TP is the highest and largest plateau on Earth (about 257.2 × 10 4 km 2 ), and significant spatial differentiation in the green-up date was found to exist across the TP, highlighting regional differences in climatic conditions. Thus, the conclusiveness of the findings obtained from a single scale is limited. However, comparative multi-scale studies could improve the reliability of the derived conclusions. Unfortunately, few works have focused on the shift in the green-up date in a typical zone of the TP, such as the Three-Rivers Headwaters Region (TRHR). The TRHR, located in the hinterland of the Qinghai TP, is very sensitive to climate change. Additionally, as an important national zone of ecological function, the TRHR has attracted significant attention regarding the evaluation of its ecological environmental response to global climate change. The shift of phenology has undoubtedly become a core issue in research into global climate change.
In order to explore the variability of the green-up date in a typical ecological zone of the TP under rapid climate change, this paper aims to investigate the spatiotemporal pattern and the change of meadow in the green-up date over the TRHR from 1999 to 2013 and its relation to climatic factors. More specifically, we primarily investigate the following three points: (1) the temporal and spatial variability of the green-up date in the TRHR; (2) the characteristics of the green-up date along altitudinal gradients; and (3) the possible factors that influence phenological shift. Greater knowledge regarding the relationship between phenology and climate on differing scales could help us better understand the mechanisms of vegetation response to climate change.
Materials and Methods

Study Area
The TRHR, which is located in the hinterland of the TP, is the source area of the Yangtze, Yellow and Lancang rivers (Figure 1) . The TRHR is known as the "Chinese water tower" [22] , because of its high average altitude of more than 4000 m [27] . The annual mean temperature in the TRHR is lower than 10 °C, and a decreasing trend of precipitation exists from the southeast to the northwest. The main vegetation type is grassland, including meadow and steppe, of which meadow is distributed over most parts of the entire area. Therefore, we selected meadow as the target vegetation type for our research. 
Data Sets
The normalized difference vegetation index (NDVI), which is defined as the ratio of the difference between near-infrared reflectance and red visible reflectance to their sum, is an effective indicator of vegetation greenness [28] . Our study adopted the SPOT-VGT NDVI time series from 1999 to 2013, collected from the Flemish Institute for Technological Research of Belgium (http://free.vgt.vito.be/). The spatial resolution of the NDVI data sets is 1 × 1 km 2 using the 10-day maximum value composition method. We obtained the vector boundary of the meadow from a 1:1,000,000 map of vegetation in China [29] .
The meteorological data sets, recorded at 16 meteorological stations in the TRHR during 1998-2013, comprised monthly mean temperature and monthly cumulative precipitation derived from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn). The digital elevation model (DEM) data with 90-m resolution were collected from the SRTM3 data, which were measured by the National Aeronautics and Space Administration and the Department of Defense National Mapping Bureau.
Method
NDVI Time Series Reconstruction
NDVI time series data are used widely to investigate phenological shift. However, many efforts to monitor changes in vegetation phenology by NDVI time series data are often hindered by the low quality of the original data sets due to various factors, e.g., cloud contamination and atmospheric variability [30] . Thus, it is necessary to implement a smoothing process and to construct new NDVI time series data sets. The method of the harmonic analysis of time series (HANTS) algorithm for NDVI time series reconstruction [31, 32] fully considers the plant growth cycle and the dual characteristics of the data. Thus, we adopted the HANTS method to remove both noise and invalid data.
Phenological Metrics Extraction
Currently, many methods for extracting phenological metrics from NDVI time series data have been proposed [16, 20, [33] [34] [35] [36] [37] ; however, a universally accepted method for the extraction of phenological metrics does not exist [38] . The method proposed by Piao [20] integrates the fixed threshold value method with the biggest change rate method, the extraction result of which is close to the average of extraction results by multi-methods [26] . Therefore, the green-up date in our study was retrieved using the threshold value of NDVI, which is determined through the maximum rate of change in the multiyear average annual seasonal NDVI curve from January to September, smoothed by the HANTS method [19, 20] . Details of this approach are as follows: (1) we first calculated the multiyear average NDVI time series curve from 1999 to 2013 and acquired the ratio of NDVI change using the following formula, NDVIratio = (NDVIt+1 − NDVIt)/NDVIt, where t is time; (2) we then obtained the NDVI value at the date of maximum NDVIratio as the threshold NDVI to determine the green-up date; and (3) finally, we identified the green-up date by integrating the threshold NDVI and the fitted NDVI time series curve using sixth polynomial fitting for each year. In order to exclude the interference of environmental factors during the non-growing season, we added the restriction that the green-up date must fall between the dates of the left minimum of the NDVI and the maximum of the NDVI.
Analysis
The spatiotemporal trend of the green-up date in the TRHR from 1999 to 2013 was characterized by slope, which was calculated by the linear regression line fitted to the interannual variation of the green-up date [39] . The statistical significance of the trend of the green-up date was assessed based on significance tests. The formula of the slope is as follows:
where Slope is the trend of the green-up date, n is equal to 15, i is the order of the year from 1 to 15 in the study period and DOYi is the green-up date in the i-th year. When Slope > 0, DOY shows an increasing trend, and when Slope < 0, DOY shows a decreasing trend.
In order to analyze the altitudinal gradient characteristics of the green-up date, we reclassified the DEM data by 100-m intervals and then extracted the mean green-up date of each vertical gradient zone from 1999 to 2013.
To identify the driving forces behind the change in the green-up date, site-by-site correlation analysis between green-up dates and climatic factors was employed in our study. Specifically, we extracted the green-up date for an area with a boundary of 3 × 3 km 2 based on the meteorological stations and then calculated the Pearson correlation coefficient between the green-up date and meteorological data.
Results
Validation
Satellite-derived data require in situ observations to determine their reliability and accuracy. Thus, we compared the green-up dates retrieved by satellite, against ground-observed phenological data from three agro-meteorological stations (Qumarlêb station, Henan station and Gande station) in the TRHR during 2000-2010 (not shown). The mean absolute error between the retrieved and observed green-up dates was 10.9 days, and the root mean square error was 13.2 days. The results showed relatively high consistency between the field-observed data and remotely sensed retrieval results, indicating that the retrieved green-up dates from the NDVI time series data have reasonably high accuracy considering the temporal resolution of the NDVI data set. 
Temporal Variation in Vegetation Phenology
Spatial Variation in Vegetation Phenology
The spatial pattern of the vegetation green-up date is shown in Figure 4 . The green-up date presents an increasing trend from the southeast to the northwest, which corresponds to the spatial difference in climate. The green-up date mainly occurred at the 120th-140th Julian day in the east and the middle of the study area, and at around the 140th to 160th Julian day in the northwest. The frequency distribution of the green-up dates over the TRHR shows that 87.4% of the pixel green-up dates occur between the 130th and 150th Julian days. 
Altitude Gradient vs. Spring Phenology
We further examined the variation of the green-up date and its trend with the altitudinal gradient ( Figure 5 ). Figure 3 . However, the green-up date increases continuously with increasing altitude (slope = 0.57, R 2 = 0.90, p < 0.01) above 3700 m, because of the lower temperatures at higher altitudes, which is in accord with earlier findings [40] . Furthermore, the trend of the vegetation green-up date presents an advancement trend in all altitude zones, and the advancement trend of the green-up date in areas of lower altitude is higher than that in areas of higher altitude (Figure 5b ). 
Climatic Drivers for Spring Phenological Shift
The hydrothermal condition has been widely recognized as a key forcing factor in vegetation growth. In our study, the regional average green-up date showed a significant advancement trend during the recent 15 years, corresponding to a slight increase both in spring (March-May) and winter (December-February) temperature and a significant increase in precipitation in spring (see the inset in Figure 6 ). Moreover, 87.5% of all stations presented an increasing trend in spring and winter temperature. We found that the correlation coefficient between climatic factors (including mean temperature and cumulative precipitation) and the green-up date in spring is stronger than in winter at most of the available meteorological stations (Table 1 ). This phenomenon indicates that warmer springs are likely the principal forces driving green-up date advancement in the TRHR during the study period. Furthermore, most of the available meteorological stations presented a significant negative correlation between the green-up date and spring temperature, while statistical analyses showed a slight correlation between the green-up date and spring precipitation, winter temperature and winter precipitation, except for spring precipitation, in Guinan County. This seems contrary to the fact that no significant increase was found in spring temperature during 1999-2013, despite the significant advancement in the green-up date. This might be related to the timing of the study period, because a strong cold surge occurred in Qinghai in 2011 during winter and spring, which induced extremely low temperatures that changed the trend. As shown in the inset of Figure 6a , the first year and the last three years (1999, (2011) (2012) (2013) in the time series exert considerable influence on the trend of spring temperature. Hence, we excluded these years and performed further analysis on the trend of climate factors from 2000 to 2010. This time, we found that a significant increasing trend was exhibited both in spring and in winter temperature during 2000-2010 (slope = 0.173 °C/y, p < 0.01 for spring; slope = 0.127 °C/y, p < 0.01 for winter). Meanwhile, almost all of the available meteorological stations showed a significant increase at the p < 0.05 level (not shown), which confirms that warmer springs are likely the principal forces driving green-up date advancement. In addition, statistical analyses show that an increase of 1 °C in spring temperatures would induce an advancement in the green-up date of 4.2 days. Meanwhile, we also found that the precipitation in the south of the TRHR presented a decreasing trend in winter and a weak increase in spring, corresponding to a slight advancement in the green-up date in most areas (Figure 3a) , especially the Lancang River source region. This phenomenon indicates that the green-up date might also be related to spring precipitation. Therefore, the variability of the green-up date might be forced by multiple climatic factors; any single climate factor is incapable of fully explaining the variation of the green-up date.
Discussion
Comparison with Previous Studies
Phenological changes of the TP have been discussed by many scholars; however, there is still no generally accepted conclusion about the trend of spring phenology. One reason for this might be that the conclusions have been drawn from different studies conducted using different data sets, methods and study periods [19, [26] [27] [28] [29] 41] . We argue that the average trend of the entire TP cannot characterize the real trend of spring phenology, because of the differences in the trend between the southwest and the parts of the TP [29] . Our study indicates a significant advancement in the TRHR, which partly confirms the existence of a reversed trend in spring phenology on the TP. Therefore, to understand fully the changes in vegetation phenology, it is necessary to strengthen the study of subregions of the TP under the environment of rapid climate change.
It is worth noting that the phenological shift was not only related to the increase in temperature and precipitation, but also related to other climatic (e.g., solar radiation, photoperiod length, CO2 concentration) [42] and anthropogenic factors. Generally, land use/cover change is regarded as an important forcing factor in vegetation growth [22] . Previous studies have shown that the trend in NDVI values in the TRHR is divided across the 34 °N line of latitude. An increasing trend has been detected to the north of this line, especially in the Yellow River region, whereas a decreasing trend has been found to the south, especially in the Lancang River region [43] . Based on our results, shown in Figure 3 , we can conclude that those regions experiencing significant advancement in spring phenology are distributed mainly in areas of vegetation coverage increase, and vice versa.
Elevation plays an important role in the redistribution of temperature and precipitation, and we found a strong dependence on altitude in the green-up date and its trend. Nagai et al. [44] also found that the timing of the green-up date was correlated to vertical gradient and that the sensitivity of the timing of the green-up date to air temperature was also dependent on altitude. Unfortunately, in our study, the relationship between the green-up date and air temperature, together with the sensitivity of the green-up date to spring temperature, did not exhibit a consistent trend with vertical gradient (Table 1) . This might be related to the difference in horizon zone, and there are many uncertainties due to the complexity of the underlying surface across the TRHR. Thus, additional studies along the vertical gradient for a homogeneous horizon zone would help us understand better the relationship between the sensitivity of the green-up date and climate and altitudinal gradient.
Uncertainties
Without a doubt, uncertainties induced by the different methods used in the estimation of the green-up date from remote sensing data contribute to the differences found in the published results [41, 45] . In our study, the commonly used and robust method proposed by Piao [20] was adopted in order to reduce this uncertainty [26] . Furthermore, the uncertainties are also correlated with the data sets. Previous studies have documented the differences in spring phenology derived from AVHRR NDVI, SPOT-VGT NDVI and MODIS NDVI data sets [46] . Moreover, the differences between data sets were considered larger than among the various methods [26] . In order to improve the reliability of the retrieved results, the data set in our study was processed based on phenoregion, which was used to exclude areas of non-vegetation and to reduce high-frequency noise existing in the retrieved phenological metrics [33] . In the analysis of the driving forces, we only analyzed the correlation between the green-up date and climatic factors; however, the internal mechanisms of vegetation phenology generally depend on the response of plant physiological processes to climate change. Thus, the internal mechanisms should be investigated further with emphasis on the physiological characteristics of the plants. It should be noted that although significant improvements have been made regarding the use of SPOT-VGT NDVI and MODIS NDVI data for monitoring land photosynthetic capacity [46] , the AVHRR NDVI is still an irreplaceable data set with regard to the assessment of long-term land surface information. Thus, a long-term NDVI data set that combines the current three main NDVI data sets (AVHRR, SPOT and MODIS) has great significance with regard to better understanding of the shift of phenological metrics.
A comprehensive comparison and assessment of the field-observed data indicated that our estimation of the green-up date, based on remotely sensed data, is later than the observed data; however, the trends of change in green-up dates are consistent. On the one hand, this might be because the spectral information during the onset of green-up is weak; thus, the sensor cannot capture the initial information on vegetation. On the other hand, this might be related to the temporal and spatial resolution of the data set. It should be noted that meadow consists of many plants, i.e., Kobresia pygmaea alpine meadow [29] . Some of the plants unfold their leaves earlier than retrieved by the remotely sensed data, which is usually recorded as the observed green-up date. In addition, heterogeneity in vegetation cover might contribute to discrepancies in the retrieved green-up dates [47] . Generally, green-up dates tend to be earlier under high vegetation cover than low vegetation cover. Compared with our previous study [43] , we argue that the retrieved green-up date is also subject to influence from changes in vegetation cover. Nevertheless, the method based on remote sensing remains valid. In order to characterize phenological shifts more accurately, information that is more detailed is required to develop the understanding of the differences between the methods of remote sensing and field observation. To further this process, larger sets of observational data are needed.
Potential Implications of Phenological Shift
Terrestrial ecosystem carbon cycling is related significantly to vegetation phenological shifts [15] . The prolongation of the growing season of the TP, especially the advancement of spring green-up, is considered one of the principal factors that enhances the carbon sink [48] . As an important national ecological zone, the TRHR has important ecological significance for China in providing water resources, balancing greenhouse gases and regulating climate. Recently, climate change in the TRHR has changed its phenological metrics and function as a carbon sink; however, the definitive effect of change in growing season length on the carbon balance is still not clear. Furthermore, phenological shifts could also affect animal husbandry production in the TRHR, which eventually could alter local livestock management and economic development.
In addition, the frequency and extent of extreme events have been increasing under rapid climate change. These extreme events, such as drought, cold surges and heat waves, influence vegetation growth and could eventually induce a shift of vegetation phenology [49] . Thus, the impact of extreme events on vegetation phenology should be considered in future work.
Conclusions
A satellite-derived NDVI was combined with climatic factors to explore the spatiotemporal pattern of vegetation phenological shift and its driving forces. Our results indicate a significant trend of advancement throughout the entire study area from 1999 to 2013 with a linear tendency of 6.3 days/decade (p < 0.01); the largest trend was in the Yellow River source region (8.6 days/decade, p < 0.01). Spatially, the green-up date increased from the southeast to the northwest. About 91.5% of the entire area has experienced advancement of the green-up date, of which 80.2%, mainly distributed in areas of vegetation coverage increase, experienced a significant advance. Moreover, the green-up date and its trend were significantly correlated with altitude gradient. Statistical analyses showed that an increase of 1 °C in spring temperature would induce an advancement in the green-up date of 4.2 days. We have argued that the advancement of the green-up date in the TRHR might be attributable primarily to warmer and wetter springs.
